We propose a new mechanism for thermal dark matter freezeout, termed Co-Decaying Dark Matter. Multi-component dark sectors with degenerate particles and out-of-equilibrium decays can co-decay to obtain the observed relic density. The dark matter density is exponentially depleted through the decay of nearly degenerate particles, rather than from Boltzmann suppression. The relic abundance is set by the dark matter annihilation cross-section, which is predicted to be boosted, and the decay rate of the dark sector particles. The mechanism is viable in a broad range of dark matter parameter space, with a robust prediction of an enhanced indirect detection signal. Finally, we present a simple model that realizes co-decaying dark matter.
INTRODUCTION
The nature of dark matter (DM) is one of the most important open questions in physics. The possibility that dark matter is a thermal relic with mass around the weak scale is intriguing, but has been under significant experimental pressure from direct detection [1] [2] [3] and at the LHC [4] . This motivates the study of models which are not constrained by these searches, but can still be discovered by indirect detection, where limits are weaker and have made rapid progress in recent years [5] .
Mechanisms for thermal dark matter freezeout usually rely on the DM remaining in chemical and thermal equilibrium with the Standard Model (SM) bath while non-relativistic, which leads to depletion of DM through Boltzmann suppression. In this work we consider the possibility that part of the dark sector decays out of equilibrium with the SM. This delays the exponential suppression of the DM density well beyond the point where the DM candidate becomes non-relativistic.
The mechanism, which we refer to as Co-Decaying Dark Matter, has the following properties:
1. The dark sector has decoupled from the SM before it becomes non-relativistic.
2. The lightest dark sector particle decays into the SM out of equilibrium.
3. The dark sector contains additional particles that are (approximately) degenerate with the decaying particle, and remain in chemical and thermal equilibrium with it until freezeout. One or more of these particles are DM candidates.
Co-decaying DM will be a generic feature of large dark sectors in which the lightest state decays. To illustrate the idea, we will focus on the simplified case of two degenerate dark sector particles: A will be the DM candidate, and B will be the decaying state, with sizable annihilations AA → BB. After the dark sector decouples from the SM bath, the A and B comoving entropy density is conserved, and their number density does not exponentially deplete when they
Co-decay dark matter timeline. At T d the SM and dark sector decouple; at TΓ the decay of B's begin to deplete the dark sector density; and at T f the AA ↔ BB process freezes out, resulting in a relic abundance for the A particles.
become non-relativistic (in contrast to the Weakly Interacting Massive Particle (WIMP)). Instead, the exponential suppression is delayed until the B's begin decaying:
where n A,B is the number density, Γ B is the decay rate of the B particle, and H is the Hubble parameter. The A population tracks the B population until the AA → BB process cannot keep up with the expansion of the universe. At this point the A population freezes out and the B's continue to decay. The relic density of A is then set by both the annihilation rate, σv , as well as the B decay rate, Γ B . A schematic illustration of the timeline for co-decaying DM is shown in Fig. 1 . The delay in the starting point of exponential suppression from the temperature in which DM becomes nonrelativistic to the temperature at which B-decay begins, causes freezeout to occur at later times than the WIMP. The DM relic density has less time to redshift to today, and therefore, must have a smaller density at freezeout. In order to match the observed DM relic abundance a larger annihilation cross-section is required. This leads to a boosted indirect detection signal relative to WIMP models.
Previous work on multi-component dark sectors where interactions within the dark sector are necessary to arXiv:1607.03110v2 [hep-ph] 7 Dec 2016 get the correct dark matter relic abundance is extensive. Some examples including co-annihilating [6, 7] , Secluded [8] , SIMP [9, 10] , Cannibalizing [11] [12] [13] [14] [15] [16] and Forbidden [6, 17] DM. Additionally, models of particle decays affecting the relic abundance have been considered in [16, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . The freezeout mechanism of co-decaying DM is unique, with differing phenomenology. Furthermore, we emphasize that while we are mainly interested in the implications on dark matter, the dynamics studied here have a broad impact and can take place for any thermal relic.
In this Letter we study the co-decaying DM mechanism. We present an intuitive estimate of the relic density and check the results numerically using the Boltzmann equations. The constraints and signals of co-decaying DM are described, with a significant enhancement in the indirect detection signature. We conclude by presenting an explicit model realizing the phenomena.
FREEZEOUT AND RELIC ABUNDANCE
The DM relic abundance can be solved in the standard sudden freezeout approximation, when AA → BB annihilations effectively stop:
Here m is the DM mass, x i = m/T i , s is the entropy density of the SM bath, and the subscripts m and f denote quantities at temperatures T = m and freezeout, respectively 1 . Note that Eq. (2) is identical to the standard WIMP scenario. However, for co-decaying DM, we will see that x f 1, leading to a boosted annihilation cross section relative to the standard WIMP case, where x f 20. We now compute the SM and dark sector temperatures at freezeout. To this end, we study the temperature evolution of the dark sector through the three stages depicted in Fig. 1 : from the time of decoupling of the dark sector from the SM (T d ), to the onset of the B decay (T Γ ), and until freezeout of the AA → BB annihilations (T f ). We use the d, Γ, and f subscripts throughout to denote quantities evaluated at these stages, respectively, and primes to denote dark sector (total A+B) quantities.
At high temperatures, A and B decouple from the SM plasma when relativistic. The entropy densities in each sector are separately conserved until the decay of B be-gins, and therefore
The dark sector number density at the onset of decay, roughly when Γ B H Γ , is given by the second law of thermodynamics for non-relativistic particles:
where µ is the chemical potential of A and B.
While the AA ↔ BB process is fast, the A density matches the B density. Taking the number of degrees of freedom in A and B to be equal (which we will assume throughout the paper for simplicity), the total dark sector density at the time of AA ↔ BB freezeout is
where a is the cosmic scale factor. The A abundance is hence depleted through the decay of B particles. Using Eq. (2) with Eq. (5), the temperature at freezeout is given by
where n A,f = 1 2 n f and for brevity we have dropped ratios of g . Here we have taken
for x 1 and s-wave scattering, where σ is the 2 → 2 cross-section at threshold. (For reference, note that the observed relic density for a WIMP would require σ 10 −36 cm 2 .) Since Γ B /H m may be as small as 10 −18 (see Fig. 3 ), x f may be as large as 10 8 . The chemical potential and dark temperature will depend on whether number changing processes are active in the A, B system, e.g., 3 → 2 processes. Without number changing processes, the comoving entropy and number densities are separately conserved in the dark sector between decoupling and decay (s
This decreases the dark temperature relative to the SM temperature, while inducing a chemical potential:
In contrast, if number changing processes are active, cannibalization can occur [15] . The SM temperature decreases exponentially relative to the dark sector, while the chemical potential is held fixed (µ = 0). Using conservation of comoving entropy in the hidden sector, one finds
In both cases, the dark temperature at freezeout is redshifted from the temperature at decay,
Note that the dark matter will have a large energy density before it decays, and may come to dominate the energy density of the universe. When the DM decays, it will release a significant amount of entropy and reheat the SM bath. However, since the reheating occurs before DM freezeout, the entropy dump does not dilute the DM relic abundance. The most important effects are a delay in the start of the decay and a modification to the final relationship in Eq. (10). These effects are taken into account in the numerical solutions to the Boltzmann equations and in computing the viable parameter space. Combining Eqs. (2) and (6) to (10), the relic abundance in the absence of cannibalization and when cannibalization is active throughout is: 
where we have taken, g , d = 106.75, and Ω DM = 0.27 [28] . Here and throughout we will take the entropy density ratio at decoupling, defined in Eq. (3), to be ξ = (g A + g B )/g , d 0.02. Generically in any given model, one expects number changing self-interactions to be present, which leads to some amount of cannibalization. Additionally, in much of parameter space cannibalization can shut off before decays begin. Therefore, a realistic scenario will likely be between the two limiting cases in Eq. (11).
BOLTZMANN EQUATIONS
We now present a numerical study of co-decaying dark matter. To track the number densities of A and B as well as the dark temperature T , 3 different equations are required:
is the thermally averaged inverse boost factor over the DM (SM) phasespace distributions. Time derivatives can be related to derivatives of the SM temperature T using the Friedman equation and second law of thermodynamics,
where G is the gravitational constant. If number-changing processes in the dark sector are present, such as 3 → 2 processes, then there are additional terms in the number density equations of the form
where n i can be n A or n B . The Boltzmann equations, Eq. (12), are straightforward to solve numerically, and the results for a benchmark point are given in Fig. 2 . As shown, the dark sector does not follow the equilibrium distribution; instead it undergoes exponential decay at a later time. When the dark matter becomes non-relativistic (x 1), the co-moving number density remains constant, until decay begins (x x Γ ). The A density matches the B density until freezeout (x x f ) , where the DM candidate A decouples, while B continues to decay. For smaller Γ B , the co-moving number density remains constant for longer and the decays will begin later. Depending on the size of Γ B , the cross section needed to decouple at the correct time, and match the observed relic abundance, can be orders of magnitude larger than those of the WIMP scenario. The solutions to the Boltzmann equations match well the analytic estimates given by Eq. (11).
SIGNATURES AND CONSTRAINTS
We now discuss the signatures and constraints of codecaying dark matter , whose parameter space is characterized by m, Γ B , and σ. The viable parameter space is summarized in Fig. 3 , where the dotted gray lines represent contours of constant σ. As expected by the rough estimate in Eq. 11, the cross section contours are much more widely spaced without cannibalization than without.
First, the co-decay setup requires B to decay out of equilibrium; otherwise the dark matter candidate will be Boltzmann suppressed when it becomes non-relativistic, effectively reducing to the WIMP scenario. This corresponds to x Γ 1, though requiring that the DM does not re-thermalize with the SM imposes x Γ 5. This is depicted by the gray shaded area in Fig. 3 .
Next we consider constraints on N eff [29, 30] . This gives the rough condition that the DM decays before big bang nucleosynthesis (BBN), Γ B H me . This is depicted by the shaded purple regions in Fig. 3 .
Unitarity places constraints on the size of the thermally averaged cross section. The requirement of unitarity is given for s-wave scattering by [31] ,
where v −1 f 2x f /π is the thermally averaged inverse velocity. The severity of the bound is dependent on whether or not the dark sector is cannibalizing. Without cannibalization, fixing the relic density corresponds to σ ∝ 1/Γ B and x f ∝ 1/Γ B , and thus the unitarity bound is roughly Γ B -independent. On the other hand, with cannibalization, σ ∝ 1/ √ Γ B and x f is only log-dependent on Γ B , and the unitarity bound reads:
These relations are modified for small Γ by matterdomination effects. The resulting unitarity bounds are shown in the green shaded regions in Fig. 3 . Since co-decaying DM is decoupled from the SM, it is difficult to discover using direct detection or direct production. The signature from indirect detection is, however, enhanced with respect to WIMP candidates due to the large thermally averaged cross section. This makes indirect detection a powerful tool to probe co-decaying DM.
We map the current constraints from telescope and satellite data on the (m, Γ B ) parameter space, using the analyses of Refs. [32, 33] .The constraint on our four-body final state from two-body final states analyzed in [32, 33] are obtained by rescaling the mass and cross-section limits appropriately. For illustration, we plot the full constraints from B decays into only e + e − (red, solid) or into only γγ (blue, dashed) in Fig. 3 , excluding the region below the curves.
Lastly we note that co-decaying dark matter is not constrained by the Cosmic Microwave Background, since the thermally averaged cross-sections is always velocity suppressed.
The combined allowed parameter space is shown in Fig. 3, without cannibalization (left-panel) and with cannibalization (right-panel). We learn that co-decaying dark matter can occur over a broad range of DM masses, spanning an MeV up to hundreds of TeV, and decay rates spanning many orders of magnitude.
MASS SPLITTING
Thus far, we focused on degenerate dark sector particles, which can result from an underlying symmetry. However, a realistic model may include symmetrybreaking effects, which can lift the degeneracy. It is then important to understand the effect of mass-splittings on the co-decaying DM framework. We leave a detailed study of the phenomenology of co-decays with mass splittings to future work [34] and highlight the expected features here.
If m A > m B , the co-decay mechanism remains conceptually unchanged. However, for mass splitting O(%) or more, the parameter space to produce the observed relic abundance can differ significantly. To understand this, consider s-wave annihilation, which can proceed as zero temperature in the presence of mass-splittings. Comparing the annihilation rates at large x , we have
for fixed matrix-element. Since freezeout occurs for x 1, obtaining the observed relic abundance requires σ smaller than in the degenerate case.
If m A < m B , then annihilations proceed off the exponential tail of A's velocity distribution, σv AA→BB ∝ e −2∆x ,, where ∆ ≡ (m B − m A )/m A . This exponential suppression of the cross-section significantly alters the parameters required to produce the correct relic density.
MODEL
Having described the general framework, we now present a simple model where co-decay can drive dark We introduce a dimension-six operator, which explicitly breaks the custodial symmetry down to U(1),
where Φ is the SM Higgs doublet. This can be generated by integrating out heavy fermions charged under both SU ( 
where
is the vector (axial) coupling of the fermion i to the Z-boson.
Lastly, we comment on further model building directions. To build a viable model one needs a approximate symmetry to achieve degeracy between the lightest dark states, but whose breaking induces a decay into the SM. In this section we considered the possibility that a remnant of a broken SU(2) gauge symmetry protects the masses, however interesting alternatives include flavor symmetries or supersymmetry, both of which could play a role in a larger framework. Depending on the type of symmetry used to ensure the degenaracy, this may or may not induce significant cannibalization.
